The results of recent studies suggest that the mouse Sac (saccharin preference) locus is identical to the Tas1r3 (taste receptor) gene. The goal of this study was to identify Tas1r3 sequence variants associated with saccharin preference in a large number of inbred mouse strains. Initially, we sequenced ϳ6.7 kb of the Tas1r3 gene and its flanking regions from six inbred mouse strains with high and low saccharin preference, including the strains in which the Sac alleles were described originally (C57BL/6J, Sac b ; DBA/2J, Sac d ). Of the 89 sequence variants detected among these six strains, eight polymorphic sites were significantly associated with preferences for 1.6 mM saccharin. Next, each of these eight variant sites were genotyped in 24 additional mouse strains. Analysis of the genotype-phenotype associations in all 30 strains showed the strongest association with saccharin preference at three sites: nucleotide (nt) Ϫ791 (3 bp insertion/deletion), nt ϩ135 (Ser45Ser), and nt ϩ179 (Ile60Thr). We measured Tas1r3 gene expression, transcript size, and T1R3 immunoreactivity in the taste tissue of two inbred mouse strains with different Tas1r3 haplotypes and saccharin preferences. The results of these experiments suggest that the polymorphisms associated with saccharin preference do not act by blocking gene expression, changing alternative splicing, or interfering with protein translation in taste tissue. The amino acid substitution (Ile60Thr) may influence the ability of the protein to form dimers or bind sweeteners. Here, we present data for future studies directed to experimentally confirm the function of these polymorphisms and highlight some of the difficulties of identifying specific DNA sequence variants that underlie quantitative trait loci.
Introduction
Mouse strains differ in their avidity to consume sweet solutions (Pelz et al., 1973; Stockton and Whitney, 1974; Ramirez and Fuller, 1976; Lush, 1989) . Fuller (1974) demonstrated that most of the differences in saccharin preferences between C57BL/6J and DBA/2J strains depend on a single locus, Sac, with the dominant Sac b allele present in the C57BL/6J strain. Subsequent studies confirmed this finding in the BXD recombinant inbred strains, in crosses between the C57BL/6 and DBA/2 strains (Lush, 1989; Belknap et al., 1992; Phillips et al., 1994; Lush et al., 1995; Blizard et al., 1999) and in crosses between the C57BL/6ByJ and 129P3/J strains (Bachmanov et al., 1997) . The Sac locus has been mapped to the subtelomeric region of mouse chromosome 4 (Phillips et al., 1994; Lush et al., 1995; Bachmanov et al., 1997; Blizard et al., 1999; Li et al., 2001 ) and more recently has been cloned positionally . It corresponds to the Tas1r3 gene, which encodes a sweet taste receptor, T1R3 (Kitagawa et al., 2001; Max et al., 2001; Montmayeur et al., 2001; Nelson et al., 2001; Sainz et al., 2001; Li et al., 2002a; Nelson et al., 2002; Ariyasu et al., 2003; Damak et al., 2003) .
Several studies have attempted to identify polymorphisms within the Tas1r3 gene that are equivalent to allelic variants of the Sac locus, by comparing Tas1r3 sequences in mouse strains with the most extreme differences in sweetener preferences Kitagawa et al., 2001; Max et al., 2001; Montmayeur et al., 2001; Sainz et al., 2001) . However, saccharin intake in mice is a quantitative trait, and the Sac locus accounts for a different proportion of behavioral variation in different mouse crosses (Lush et al., 1995; Bachmanov et al., 1997; Blizard et al., 1999) . The current study was designed to examine saccharin preference as a quantitative trait. First, we compared many inbred mouse strains with distant genealogies. Second, we examined genomic sequences including Tas1r3 exons, introns, and upstream and downstream regions, so that polymorphisms affecting amino acid composition, RNA splicing, or potential regulatory regions could be detected. Finally, we statistically compared the strength of the associations between the phenotype and genotype. The influence of these polymorphisms on Tas1r3 gene ex-pression in taste tissue was evaluated by comparing two mouse strains with different Tas1r3 haplotypes and phenotypical Sac alleles.
Materials and Methods
General approach. The analysis of the associations of Tas1r3 sequence variants with saccharin preference was conducted in two stages. First, we selected three strains with strong saccharin preferences (C57BL/6J, CAST/Ei, and SWR/J) and three strains indifferent to saccharin (AKR/J, DBA/2J, and 129P3/J). In these six strains, an ϳ6.7 kb segment of genomic DNA, including ϳ2.4 kb upstream and ϳ1.0 kb downstream of Tas1r3, was sequenced. The analysis of saccharin preferences and sequence variants in these strains identified eight significant associations. For the second stage, genomic regions encompassing these eight variants were examined in an additional 24 strains of mice, and genotype-phenotype associations were then analyzed in all 30 strains.
Sweet preference tests. Mice from 28 inbred strains (129P3/J, A/J, AKR/J, BALB/cByJ, BUB/BnJ, C3H/HeJ, C57BL/6J, C57L/J, CAST/Ei, CBA/J, CE/J, DBA/2J, FVB/NJ, I/LnJ, KK/HlJ, LP/J, NOD/LtJ, NZB/ BlNJ, P/J, PL/J, RBF/DnJ, RF/J, RIIIS/J, SEA/GnJ, SJL/J, SM/J, SPRET/Ei, and SWR/J) were purchased from The Jackson Laboratory (Bar Harbor, ME) and used in two-bottle preference tests with 1.6 mM saccharin and water. Because mice from the IS/Cam and ST/bJ strains used for Tas1r3 sequencing were not available from The Jackson Laboratory, we used 1.6 mM saccharin preference data for these strains obtained from a previous experiment that used a similar method (Lush, 1989) . To justify combining the data from two different experiments, we analyzed correlations between 1.6 mM saccharin preference scores for a subset of 15 strains used in both studies. The correlation coefficient for strain means obtained in our study and in the study by Lush was r ϭ ϩ0.62 ( p ϭ 0.013). Considering that different substrains were used in these two studies, and that genetic drift within strains could occur during the Ն11 years separating these two experiments, this result demonstrates consistency between laboratories.
The construction of drinking tubes and the testing procedure were described in detail previously (Bachmanov et al., 1996b) . Groups of individually caged, 2-to 3-month-old male mice [n ϭ 12 for each strain, except CAST/Ei, BUB/BnJ, NZB/BlNJ, and RBF/DnJ (n ϭ 11) and BALB/ cByJ (n ϭ 10)] were offered for 48 hr two drinking tubes, one containing 1.6 mM saccharin and one containing water. The tube positions were reversed after 24 hr. For each 24 hr period, the volumes of water and solution consumed were recorded. Preference scores were calculated for each mouse as the average daily amount of saccharin consumed divided by the average daily total amount of fluid (saccharin plus water) consumed, multiplied by 100.
DNA sequencing and genotyping. Genomic DNA from 31 inbred mouse strains (129P3/J, A/J, AKR/J, BALB/cByJ, BUB/BnJ, C3H/HeJ, C57BL/ 6ByJ, C57BL/6J, C57L/J, CAST/Ei, CBA/J, CE/J, DBA/2J, FVB/NJ, I/LnJ, IS/CamEi, KK/HlJ, LP/J, NOD/LtJ, NZB/BlNJ, P/J, PL/J, RBF/DnJ, RF/J, RIIIS/J, SEA/GnJ, SJL/J, SM/J, SPRET/Ei, ST/bJ, and SWR/J) was purchased from the Mouse DNA Resource at The Jackson Laboratory. Sequences of the Tas1r3 region of the C57BL/6ByJ strain [used in our genetic mapping studies to clone positionally the Sac locus (Bachmanov et al., 1997 Li et al., 2001) ] and the C57BL/6J strain (used in the strain survey of saccharin preferences described above) were identical, and so this sequence is referred to as C57BL/6 in this study.
Sixteen primer pairs were designed to encompass the 6675 bp Tas1r3 region, including 2482 bp upstream of the putative methionine initiation codon and 1046 bp downstream of the putative termination codon (primer sequences and PCR conditions are available on request). These upstream and downstream regions include most of the intergenic intervals between the Tas1r3 coding region and two flanking genes, Dvl and BC002216 (GenBank accession number NM_024472) Li et al., 2002b) . Genomic DNA was used as a template to generate PCR products, which were sequenced. The majority of sequencing was conducted at Pfizer Global Research and Development (Alameda, CA) with additional sequencing conducted by the University of Pennsylvania Sequencing Facility (Philadelphia, PA). The Sequencher software program (Genecodes, Ann Arbor, MI) was used to assemble and align sequences (GenBank accession numbers AF550928 to AF551332) and to identify sequence variants. To define nucleotide (nt) positions of the variable sites, we aligned the C57BL/6 genomic sequences of Tas1r3 (GenBank accession number AF311386) and BAC RPCI23-118E21 (GenBank accession number AF389853). Polymorphism sites were numbered two ways. First, polymorphism positions were numbered using the putative start codon of Tas1r3 as ϩ1. Second, because of the large number of insertions and deletions among inbred strains, polymorphism positions were also given relative to their position in BAC 118E21. To identify the correct nucleotides at position ϩ661 in the A/J strain and at position ϩ1309 in the 129/P3J strain, we consulted the Celera Discovery System. The deletion/insertion variable sites at nt Ϫ791 and ϩ3479 were genotyped using simple sequence length polymorphism and singlestranded conformational polymorphism methods.
Proportion of transitions and transversions. The ratio of transitions and transversions found in the Tas1r3 gene was compared with the rates of nucleotide substitutions in the whole mouse genome using a 2 test [Ͼ39,000 single nucleotide polymorphisms (SNPs); Mouse Phenome Database].
Statistical analyses of genotype-phenotype relationships. Preference scores of individual mice were averaged to obtain means for each strain, and the means were used in the statistical analyses. The relationship between Tas1r3 sequence variants and saccharin preferences was analyzed using an approach similar to a previous study (Long et al., 1998) . The first stage of the analysis was conducted using all polymorphisms detected in six strains (129P3/J, AKR/J, C57BL/6J, CAST/Ei, DBA/2J, and SWR/J). For each polymorphic site, the effect of the nucleotide variant on saccharin preference was estimated using one-way ANOVA. For this initial stage of analysis, we have chosen arbitrarily the threshold of statistical significance to be p Ͻ 0.01 as a compromise between the standard threshold of p Ͻ 0.05 (which could produce approximately five false positives for 89 comparisons made here) and a Bonferroni correction ( p Ͻ 0.05/89 Ϸ 0.00056), which would be too conservative in the initial stage of analysis using a small number of strains. All polymorphisms analyzed in the second stage had only two variants among the 30 strains; therefore, we used t tests to analyze genotype-phenotype relationships. The strains were grouped by sequence variant at each of the eight polymorphic sites, and the saccharin preferences of the two groups of strains were compared by two-tailed t test. The obtained p values were changed to their negative base-10 logarithms for ease of presentation, where needed. All analyses were done using Statistica software (StatSoft, Tulsa, OK).
Heritability of saccharin preference was calculated as the ratio SS among strains /SS total based on the sums of squares (SS) obtained in a one-way ANOVA assessing the effect of strain and using preference scores of individual mice (Belknap, 1998) . Similarly, the percentage of genetic variation explained by alleles at the Tas1r3 polymorphic sites was calculated as the ratio SS Tas1r3 genotype /SS total based on the results of a one-way ANOVA assessing the effect of the Tas1r3 genotype and using the mean preference scores for the mouse strains.
Bioinformatic analyses of DNA variants. We used several approaches to identify the potential biological significance of the eight variant sites associated with saccharin preferences. The three variant sites residing within coding regions were examined to determine whether they were synonymous (encoded the same amino acid) or nonsynonymous (encoded different amino acids). The variant sites upstream of the putative methionine initiation codon and the variant site downstream of the putative termination codon were examined using several methods. First, the sequences were analyzed to determine whether the variants were contained within repetitive elements, using the computer program Repeatmasker (A. F. A. Smit and P. Green, unpublished results). Second, each variant site and the flanking region was examined for alterations in putative transcription factor-binding sites. We used the computer program MatInspector 2.2 (Quandt et al., 1995) in conjunction with the Transfac 4.0 database of transcription factors and their binding sites (Wingender et al., 2000) . Third, the sequenced upstream and downstream regions of all three members of the mouse Tas1r family [Tas1r1 (GenBank accession number AL611927), Tas1r2, and Tas1r3 (GenBank accession number AF389853)] were aligned, and conserved elements were identified based on the sequence similarity assessed using a nucleic acid dot plot (Maizel and Lenk, 1981) . Similarly, to identify elements conserved between human TAS1R3 (GenBank accession number AL139287) and mouse Tas1r3 (GenBank accession number AF389853) genes, the upstream and downstream regions of these genes were aligned using PipMaker (Schwartz et al., 2000) . Then we determined whether these regions conserved among mouse Tas1r genes or between mouse and human Tas1r3 orthologs contained any of the eight sequence variants associated with saccharin preference. By examining the exon/intron boundaries, we determined whether any variant site interrupted a splice junction site. Finally, gene promoter regions were predicted using the computer program Promoter 2.0 (Knudsen, 1999) , and we determined whether any of the eight DNA sequence variants were contained within these sites.
Subjects and tissues used to assess Tas1r3 gene expression. We tested the hypothesis that the polymorphisms that predict saccharin intake act by altering Tas1r3 gene expression, transcript size, or protein abundance in taste tissue. Lingual tissues used for real-time PCR, Northern blot hybridization, and immuncytochemistry were collected from killed C57BL/6J (B6) and 129P3/J (129) mice. Tissues containing fungiform, foliate, and circumvallate taste papillae and control tissue (lingual epithelium without taste papillae) were dissected as described previously (Huang et al., 1999) .
Northern blot hybridization. Isolation of mouse total RNA from circumvallate and foliate taste papillae, electrophoresis, transfer, fixation, hybridization, washing, and exposure were as described (Huang et al., 1999) , with slight modifications. The 32 P-labeled Tas1r3 probe was generated by random nonamer priming of a 1.3 kb cDNA fragment of mouse T1R3 corresponding to the 5Ј end coding sequence using Exo (-) Klenow polymerase in the presence of (␣-32 P)-dCTP. Ethidium bromide-stained 18S and 28S ribosomal RNA served as a control for RNA quality and gel loading.
Real-time PCR. Total RNA was extracted from the lingual tissues of 10 
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The 12 bp sequence at polymorphic position Ϫ320 is GCAGCTTCTTTT. The dinucleotide repeat at position ϩ3581 is imperfect in the C57BL/6 and SWR/J strains, with G substituted with A in the second TG repeat. DEL, Deletion; UN, unknown. Polymorphisms significantly associated with saccharin preference are shown in bold. a Polymorphism positions relative to the first nucleotide in the putative start codon of Tas1r3. b Position in genomic sequence (GenBank accession number AF389853). c Sequences of the C57BL/6J and C57BL/6ByJ strains were identical and shown here as C57BL/6. mice (5 mice from each strain) using the Absolutely RNA Microprep kit (Stratagene, La Jolla, CA). First-strand synthesis of cDNA was conducted following the directions of the manufacturer (SuperScript III; Invitrogen, Carlsbad, CA). Transcribed cDNA (1 l/well) was transferred to a PCR 96-well optical reaction plate. Each well was supplemented with predeveloped TaqMan assay reagents (primer and fluorescent probe) and Universal PCR Master Mix to a final volume of 20 l. The PCR product was heated to 50°C for 2 min and 95°C for 10 min, and then 40 amplification cycles were conducted at 95°C for 15 sec and 60°C for 60 sec. DNA amplification was performed in an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA), detecting fluorescence (500 -560 nm) after laser light excitation. PCR cycle time values represent the time at which the emitted fluorescence increased above threshold. Primers were designed to span an intron to reduce genomic DNA contamination. Genomic contamination was assessed by including additional samples in the assay that contained no reverse transciptase. Tas1r3 gene expression was normalized as described previously (Zehnder et al., 2003) to a ubiquitously expressed control gene (TATA box-binding protein; Tbp; GenBank accession number NM_013684) and a taste receptor cell-specific gene involved in signal transduction (guanine nucleotide-binding protein 13, gamma; Gng13; GenBank accession number NM_022422). Samples in which there was little or no housekeeping gene expression were excluded from additional analysis. The significance of differences in Tas1r3 expression between inbred strains was assessed by a two-way ANOVA using tissue and strain as factors.
Immunocytochemistry. Polyclonal antisera against a hemocyaninconjugated T1R3 peptide (aa 45-62) were raised in rabbits. Frozen sections of mouse lingual tissue (previously fixed in 4% paraformaldehyde and cryoprotected in 20% sucrose) were blocked in 3% BSA, 0.3% Triton X-100, 2% goat serum, and 0.1% sodium azide in PBS for 1 hr at room temperature and then incubated for 16 hr at 4°C with antisera against T1R3 (1:800). The secondary antibodies were Cy3-conjugated goat antirabbit Ig for T1R3. T1R3 immunoreactivity was blocked by preincubation of the antisera with the corresponding synthetic peptide at 10 M. Preimmune serum did not show any immunoreactivity.
Results

Saccharin preference
Responses to 1.6 mM saccharin in the two-bottle choice tests ranged from indifference (i.e., mice consumed similar amounts of saccharin and water and their preference scores were close to 50%) to a strong preference (i.e., mice consumed almost 100% of their total fluid intake as saccharin). The strain differences were highly significant (F (27,299) ϭ 25.7; p Ͻ 10 Ϫ16 ; one-way ANOVA) and heritable (h 2 ϭ 0.70). For the initial analysis of the genotypephenotype associations, we selected three strains with strong saccharin preferences (C57BL/6, CAST/Ei, and SWR/J; preference scores, 91 Ϯ 1, 97 Ϯ 1, and 93 Ϯ 1%, respectively) and three strains indifferent to saccharin (129P3/J, AKR/J, and DBA/2J; preference scores, 58 Ϯ 2, 41 Ϯ 8, and 52 Ϯ 2%, respectively).
Sequences of the Tas1r3 region in six strains with high or low saccharin preferences
Comparison of DNA sequences of the Tas1r3 region in the six inbred mouse strains with high or low saccharin preferences identified 89 sequence variants (Table 1) , of which 86 (97%) had two alleles and 2 (2%) had three alleles. One polymorphism was an imperfect dinucleotide repeat with five alleles. Of all polymorphic sites, 77 contained SNPs (87% of polymorphic sites) and 12 contained deletions/insertions (13% of polymorphic sites); one polymorphic site with three alleles comprised both an SNP and a deletion/insertion. The DNA sequence variants in 58 cases (65%) occurred in one of six strains; in 21 cases (24%), they occurred in two of six strains, and in 9 cases (10%) they occurred in three of six strains. The proportions of transitions and transversions were similar to those of the whole mouse genome ( 2 ϭ 0.32; observed rates for each substitution: A or G ϭ 34.6%, C or T ϭ 34.3%, A or C ϭ 8.5%, G or T ϭ 8.5%, A or T ϭ 8.2%, C or G ϭ 6.0%). Of the nucleotide substitutions in protein coding regions, 8 of 20 (40%) were nonsynonymous ( Table 2) . Frequencies of polymorphisms among strain pairs are shown in Table 3 . There were substantial sequence differences between the high-preferring and low-preferring strains (24 -68% of the 89 polymorphic sites). Sequence variability within the group of high-saccharin-preferring strains was higher (57-68%) than among the low-preferring strains (2-7%). The sequences of the low-preferring strains (129P3/J, AKR/J, and DBA/2J) were similar, although the strains are only related distantly (Beck et al., 2000) . These three strains may have inherited this chromosomal region from a common ancestor, and the small percentage of polymorphisms among them may represent mutations accumulated during ϳ100 years of independent breeding of these strains.
Polymorphisms associated with saccharin preferences in six strains
Of the 89 polymorphic sites, 8 sites were significantly associated with saccharin preference (F (1,4) ϭ 67.3; p ϭ 0.0012) (Fig. 1) . Each of the eight polymorphisms had only two sequence variants, one of which was found in all three high-saccharin-preferring strains, and the other one was found in all three low-preferring strains (Table 1) . Therefore, these eight variable sites formed two haplotypes found either only in the high-saccharin-preferring strains or only in the low-saccharin-preferring strains.
Three of the eight polymorphisms significantly associated with saccharin preference were in the 5Ј region of Tas1r3, three All nucleotide positions are relative to the putative ATG start codon of the Tas1r3 gene. See Table 1 for sequence variants by inbred strain.
were in exon 1, one was in intron 2, and one was in the 3Ј region (Table 1) . Among the three SNPs in exon 1, one was synonymous and two predicted an amino acid change.
Of the four variant sites located in the upstream and downstream regions, two sites did not alter putative transcription factor-binding sites. The SNP at nt Ϫ2383 in the high-preferring strains was a part of a predicted binding site for the transcription factor DPCR3HD, a cut-like homeodomain protein. In the low-preferring strains, this SNP was a part of a binding site for hepatocyte nuclear factor-3. The polymorphic site at nt Ϫ791 in strains with high-saccharin preferences was a part of a gut-enriched Krueppel-like factorbinding site, but a deletion at this position in the low-preferring strains eliminated this transcription factor-binding site. In addition, the Ϫ791 polymorphism was located at the beginning of a repetitive DNA element (long terminal repeat/mammalian retrotransposon like), but none of the other three variants were within repetitive elements.
The upstream and downstream DNA sequences had regions conserved between human TAS1R3 and mouse Tas1r3, and there were also few stretches of conserved DNA sequence among the three members of the Tas1r family. However, none of the eight variant sites were found within these conserved regions. None of the eight DNA sequence variants interrupted an intron/ exon boundary or a predicted promoter motif.
Polymorphisms associated with saccharin preferences in 30 strains
The genomic regions encompassing the eight polymorphisms significantly associated with saccharin preference in the six highor low-sachharin-preferring strains were examined in an additional 24 inbred mouse strains, and genotype-phenotype associations were analyzed using all 30 strains. Twenty-six of the 30 strains had alleles of the eight polymorphic sites retained as the two haplotypes found in the high-and low-preferring strains (Table 4) . Four strains (CE/J, I/LnJ, RF/J, and SM/J) had a broken haplotype, with three new combinations of genotypes at the polymorphic sites. Therefore, there were five unique strain distribution patterns of genotypes for the eight polymorphisms. As a result, analysis of the genotype-phenotype relationships allowed us to distinguish the polymorphic sites based on the strength of their associations with saccharin preferences (Fig. 2) . All sites showed a highly significant association with saccharin preference (0.000065 Ն p Ն 0.00000000012), with three variant sites (nt Ϫ791, nt ϩ135, and nt ϩ179) showing the strongest association. When inbred mouse strains were grouped by genotype at these three variant sites, there was a large difference in saccharin preference between groups. However, within each group, there was also substantial variation in preference (Fig. 3) . Overall, variation in the Tas1r3 haplotype for these three polymorphic sites explained 78% of the genetic variation in saccharin preferences among the inbred mouse strains; the remaining 22% of genetic variance is attributed to the contribution of other genes. Table 4 . Genotypes of 30 mouse strains at eight polymorphic sites in the Tas1r3 region associated with 1.6 mM saccharin preference (%) Inbred strain Sac pref Ϫ2383 ؊791 Ϫ138 ؉135 ϩ163 ؉179 ϩ652 ϩ3479
Genotypes creating recombinant haplotypes are underlined. Variant sites most significantly associated with saccharin preference are shown in bold. a Saccharin preference data from Lush (1989) . Tas1r3 gene expression, transcript size, and protein abundance in B6 and 129 mice Northern blot analysis identified a single band in both the B6 and 129 strains of mice. There were no differences between strains in the abundance of the transcript, nor was there evidence for alternatively spliced forms of the transcript in either strain (Fig. 4) . Likewise, the results of real-time PCR indicated that although the Tas1r3 gene was expressed in fungiform, circumvallate, and foliate papillae, there were no strain differences in Tas1r3 gene expression computed relative to either a housekeeping gene (main effect of strain: F (1,23) ϭ 0.9; p ϭ 0.35) or a taste receptor cellspecific gene (main effect of strain: F (1,20) ϭ 2.2; p ϭ 0.15) (Fig. 5) . As expected from previous research, there was a main effect of tissue-type on Tas1r3 gene expression. Relative to the housekeeping gene Tbp, Tas1r3 gene expression was lower in fungiform papillae than in circumvallate and foliate papillae (F (3,23) ϭ 3.7; p ϭ 0.03). Relative to the taste receptor cell-specific gene Gng13, Tas1r3 gene expression was higher in fungiform papillae than in circumvallate and foliate papillae (F (1,20) ϭ 5.1; p ϭ 0.02). There were no between-strain differences in the expression of the taste cell-specific gene Gng13 ( p Ͼ 0.05) and no differences between strains in the number of fungiform papillae (A. A. Bachmanov, unpublished observations). Therefore, confounding variables, such as between-strain differences in papillae density or taste receptor cell number, are unlikely to have influenced the measurement of the Tas1r3 gene expression. The results of immunocytochemistry with an anti T1R3 antibody demonstrated that (1) a subset of taste receptor cells from all types of taste papillae contained T1R3 immunoreactivity, (2) there was little or no T1R3 immunoreactivity in non-taste lingual epithelium, and (3) there were no observable differences in T1R3 immunoreactivity between the B6 and 129 inbred mouse strains (Fig. 6 ).
Discussion
The identification of DNA variant sites within a 6.7 kb region of the Tas1r3 gene and analysis of genotype-phenotype relationships detected eight polymorphisms significantly associated with saccharin preference among inbred mouse strains. All these variants are candidates for functional polymorphisms affecting Tas1r3 biology. The different strength of the genotype-phenotype associations among these polymorphisms provided a hierarchy from most to least feasible candidate functional variant sites. This association was strongest for three polymorphisms that are, therefore, the most likely candidates for the Sac b and Sac d alleles. One of these three polymorhphisms, a 3 bp deletion/insertion, is located upstream of the putative initiation codon and could influence Tas1r3 gene expression. However, we found mixed evidence for this. Although the deletion at this site disrupted a predicted transcription-binding site, its proximity to a repetitive element reduces the likelihood that this deletion has functional significance. Nevertheless, repetitive sequences in upstream gene regions have been shown to affect gene expression (Hung and Penning, 1999) . The other key variant is a silent mutation (Ser45Ser) that might affect gene or protein function, for instance, by interfering with correct exon splicing (D 'Souza et al., 1999) . Using real-time PCR, Northern blot analysis, and immunocytochemistry, we found that Tas1r3 gene expression, mRNA transcript size, or T1R3 immunoreactivity in taste tissue did not The strains with the AGG/A/T haplotype strongly preferred saccharin (preference score, 88 Ϯ 2%; mean Ϯ SE; n ϭ 18), whereas strains with the Del/G/C haplotype were indifferent to or only weakly preferred saccharin (preference score, 59 Ϯ 3%; n ϭ 12; p ϭ 0.00000000012; two-tailed t test).
differ between inbred strains with different Tas1r3 haplotypes. Taken with the results of another study using in situ hybridization to measure gene expression (Montmayeur et al., 2001 ), we conclude that these key polymorphisms are unlikely to act by blocking gene expression in taste tissue. We cannot exclude other effects of these polymorphisms on gene expression, however, such as those on developmental or tissue-specific regulation. The third key variant resulted in the isoleucine-to-threonine substitution at position 60, in the extracellular N terminus of the predicted T1R3 protein. Modeling of the T1R3 protein using the structure of the related mGluR1 receptor as a prototype has suggested that the Ile60Thr change interferes with an N-linked glycosylation site, which could affect dimerization of the receptor (Max et al., 2001 ); however, this was not confirmed in a coimmunoprecipitation experiment (Nelson et al., 2002) . This type of polymorphism could also affect ligand binding (Rana et al., 2001) .
Because these three most likely candidate functional polymorphisms have the same genotype-phenotype associations, we cannot prioritize them. It is possible that the Sac alleles are complex, and all three variant sites are needed to affect the phenotype. Such complex alleles have been described in other genes (Phillips, 1999; Drysdale et al., 2000) . Moreover, it is possible that there are more than two alleles of the Sac gene among the mouse strains examined, so that different polymorphic sites can contribute to different alleles. In fact, we cannot rule out a contribution of any of the eight variants that were significantly associated with saccharin preference, and each one should be considered a candidate functional polymorphism. Consistent with this, one sequence variant resulted in a threonine-to-alanine substitution at position 55, in the predicted extracellular N terminus of the T1R3 protein.
Likewise, the nt Ϫ2383 SNP affected a predicted transcription factor-binding site, and the nt ϩ652 SNP was located in an intron, in which functional polymorphisms can also exist (Fridman et al., 2000) . Overall, although nonsynonymous variants are ob- (CTcontrol Ϫ CTTas1r3) ϫ 100), where CT is the PCR cycle number in which the fluorescent product was first detected. Ten samples were eliminated because there was little or no control gene expression (5 samples from nontaste lingual epithelium, 2 samples from circumvallate papillae, 2 samples from fungiform papillae, and 1 sample from foliate papillae). Because the non-taste epithelium does not contain detectable levels of the taste receptor cell-specific gene Gng13, there are no values for expression of the Tas1r3 gene for this category. B6 and 129 mice have similar amounts of Tas1r3 mRNA in taste papillae relative to either a housekeeping gene or a gene specific to taste receptor cells. Values are presented as means Ϯ SE. Figure 6 . T1R3 immunoreactivity in taste tissue of B6 and 129 mice. Longitudinal sections from fungiform, foliate, and circumvallate papillae were immunostained with rabbit antiserum directed against a synthetic peptide from the N-terminal domain of T1R3, with a Cy3-conjugated anti-rabbit secondary antibody. No differences between the two mouse strains were apparent in expression levels of the receptor in any sections examined. Magnification, 250ϫ.
vious candidates for functional polymorphisms, those in noncoding regions or silent mutations may also have significant biological function.
Positional cloning of quantitative trait loci (QTL), and especially identification of functional polymorphisms defining QTL alleles, is an evolving field. This study demonstrates an approach to examine key sequence variants within a positionally cloned QTL based on genotype-phenotype associations in a large number of genealogically diverse inbred mouse strains. Although special care was taken to select genealogically diverse strains, the results of the Mouse Genome Sequencing Consortium suggest that inbred strains of mice are a mosaic of only a few ancestorial mouse haplotypes (Wade et al., 2002) and that blocks of chromosomal segments identical by descent are, on average, ϳ1 Mb. The results of the current analysis partially confirm this observation. However, several of the inbred strains had mosiac haplotypes that were much smaller than 1 Mb, sometimes spanning only a few hundred base pairs. Therefore, methods of gene and allele identification that assume long stretches of identity by descent among inbred strains (Hitzemann et al., 2002) should be applied with caution.
Our results suggest that allelic variation at the Tas1r3 gene explains 78% of the strain variation in saccharin preference. However, there was a substantial amount of genetic variation among the inbred mouse strains not attributed to these polymorphisms, which is consistent with evidence for the multigenic determination of taste responses to sweeteners in mice (Pelz et al., 1973; Stockton and Whitney, 1974; Ramirez and Fuller, 1976; Bachmanov et al., 1996a Bachmanov et al., , 1997 Inoue et al., 2004) .
In conclusion, we have identified eight polymorphisms in the Tas1r3 region significantly associated with saccharin preference; three of these are the most likely candidates for functional polymorphisms. These eight variant sites include two protein-coding variants described previously Kitagawa et al., 2001; Max et al., 2001; Montmayeur et al., 2001; Nelson et al., 2001; Sainz et al., 2001 ) and six variants that do not affect predicted T1R3 protein sequence. Here, we presented data for future studies directed to experimentally confirm the function of these polymorphisms and highlighted some of the difficulties of identifying specific DNA sequence variants that underlie QTL.
